In Bacillus subtilis, the fatty acid moiety of the phospholipids was affected differently during growth in the presence of 1.1 M-methanol or 0.7 M-ethanol, though at these concentrations methanol and ethanol had the same effects on growth rate and completely inhibited sporulation. Synthesis of phosphatidylglycerol was also strongly inhibited and the amount of total cell phospholipids was reduced by 50 % by both alcohols. The composition of fatty acids, especially the relative concentration of 12-methyltetradecanoic acid, was modified only by ethanol; in bacteria grown in the presence of methanol, changes in fatty acid composition were negligible. In non-sporulating mutants, synthesis of phosphatidylglycerol was much less affected than in the wild-type and synthesis of phosphatidylethanolamine was increased. In these strains, fatty acid composition was also modified by ethanol but unaffected by methanol.
INTRODUCTION
When alcohols of various chain lengths are added to growing cultures of Bacillus subtilis, the growth rate is decreased (Bohin et al., 1976) . This effect is more pronounced with alcohols of longer chain length and at higher temperatures. Alcohol concentrations which reduce the growth rate to half its maximum value, without changing the final yield, completely inhibit sporulation. Post-exponential phase events, such as seryl-protease and esterase excretion, normally observed during sporulation, are also affected. Since alcohols disturb the structure of biological membranes (Patterson et al., 1972; Lenaz et al., 1976) , changes in many functions dependent on membrane integrity might be expected.
The fact that perturbation of phospholipid metabolism depends on the nature of the alcohol used illustrates the usefulness of alcohols for analysing membrane interactions (Harold, 1970) . If alcohols act by decreasing membrane viscosity as a consequence of their solubilization in the lipid phase, bacteria should adapt their lipid composition as they do when grown at different temperatures. Fatty acid composition is adjusted in response to growth temperature (Marr & Ingraham, 1962) ; mechanisms for this regulation have been documented in Escherichia coli (Okuyama et al., 1977; Sinensky, 1974) and in Bacillus megaterium (Fujii & FUICO, 1977) . But a modification in the distribution of polar headgroups could also change lipid-lipid interactions as well as lipid-protein and proteinprotein interactions (Michaelson et al., 1974; Vaughan & Keough, 1974) .
The phospholipid composition of Bacillus cereus was effectively modified when cells were incubated with 0.2 methanol or 0.08 M-propanol (Kates et al., 1962) ; in bacteria grown overnight under these conditions, the amount of total phospholipids and that of the CI5 branched fatty acid increased slightly.
In lipids from E. coN grown in medium to which ethanol was added, an unexpected increase in vaccenic acid content (Ingram, 1977a) was observed, while the total amount of phospholipids was not changed except at ethanol concentrations higher than 0.2 M. The ratio of the two main lipids, phosphatidylethanolamine and phosphatidylglycerol, was unchanged.
These results on the effects of short-chain alcohols cannot be generalized to all bacterial species. While looking for a mechanism of regulation of phospholipid synthesis in Bacillus subtilis, we have compared the effects of ethanol and methanol on lipid metabolism in sporulating and asporogenous strains. In cells grown with ethanol the relative amount of branched fatty acids in phospholipids was markedly decreased and synthesis of phosphatidylglycerol was inhibited. Methanol, while also inhibiting phosphatidylglycerol synthesis, had no effect on the fatty acid composition.
METHODS
Strains and culture. The Marburg strain of Bacillus subtilis SMY, and spoOA asporogenous mutants derived from it, were from P. Schaeffer (Michel et al., 1968) . CelIs were grown in conditioned nutrient broth (Rigomier et al., 1974) at 37 "C with vigorous aeration. Growth was measured turbidimetrically at 600 nm using a Jobin-Yvon spectrophotometer (Jobin et Yvon, Longjumeau, France) .
Extraction and ident$cation of phosphol@ids. Perchloric acid (0.5 M) was added directly to exponentially growing cells. After centrifugation the pellet was washed with 0.5 M-perchloric acid (50 mM-NaH2P0, was added when phospholipids were labelled with [aaP]phosphate), then extracted with a methanol/chloroform/ water mixture as described by Bligh & Dyer (1959) . The final chloroform solution was used for the estimation of phospholipid content and for fatty acid analysis. The lipid components have been identified previously (Rigomier & Lubochinsky, 1974) .
Fatty acid analysis. The chloroform extract was concentrated under nitrogen and transesterified by heating with acidified anhydrous methanol (Saito & McElhaney, 1977) for 4 h at 75 "C. Methyl esters extracted into hexane were analysed by isothermal gas chromatography at 190 "C on a Hewlett-Packard 7620A chromatograph equipped with a flame ionization detector. Two different columns were used: one packed with 20 % diethylene glycol suminate-coated Chromosorb W, the other with 10 % of the non-pclar methyl silicone OV1 on Chromosorb Q (Analabs). Fatty acid esters were identified by their relative retention times on both columns and after co-chromatography with known standards (Analabs).
The relative composition of the whole extract was calculated using the relation: % S, = [(h,, x t,)/ Z(h x t ) ] x 100, where h is the height of the peak and t the retention time for the fatty acid S with n carbons.
RESULTS
Efects of methanol and ethanol on growth When methanol or ethanol was added to exponentially growing bacteria in conditioned nutrient broth, their growth rate was decreased. In this medium, the inhibition was biphasic (Fig. 1) . During the first phase (some 30 min), the change in growth rate was dependent on alcohol concentration above 0-53 M. The second phase was characterized by an increased generation time which remained constant as long as the culture was growing. As has been shown previously (Bohin et al., 1976) , the generation time is doubled in the presence of 0.7 M-ethanol or 1.1 M-methanol under our growth conditions. These effects on growth were completely and rapidly reversible (Fig. 2) . When cells were transferred to a medium without alcohol, the initial growth rate was restored after a short lag the length of which depended on the concentration of alcohol in the previous medium. For cells cultivated in medium with 0-4 methanol the lag was negligible; it lasted 8 min when the original ethanol concentration was 0.7 M. Reversibility (length of lag) was similar for cells grown either in ethanol or methanol at concentrations having the same effect on the generation time (Fig. 2) .
These experiments were carried out with conditioned medium to avoid changes in the growth rate induced by small amounts of rapidly metabolized substrates found in nutrient broth (Rigomier et al., 1974) .
Eflects of ethanol and methanol on phospholipid metabolism
Phospholipid synthesis, as measured by [32P]phosphate incorporation, was disturbed when alcohols were added to the growth medium. The effect was complex. Although the growth rate changed on addition of alcohol (first phase), there was no change in the rate of radioactivity incorporated in phosphatidylglycerol and in phosphatidylethanolamine for about 10min and 30min, respectively (Fig. 3) . After an abrupt and almost complete inhibition in phosphatidylglycerol labelling, there was a new surge of incorporation coincident with the second phase of growth and this continued at a rate commensurate with the new growth rate.
It took 90 min after adding 0.7 methanol for [32P]phosphate incorporation in phospholipids to reach this last phase of adaptation. Addition of 1.1 M-methanol to growing cells induced the same time course of changes as 0.7 M-ethanol ; therefore phospholipid concentration was measured only after the rate of synthesis became directly proportional to the bacterial mass increase. Since the amount of lipid per cell was also affected by alcohols, values (Table 1) are given for the same increase in absorbance.
Although inhibition of lipid synthesis was not directly related to changes in the rate of growth after addition of alcohol, all the events observed are part of a physiological response. The fact that phosphatidylglycerol labelling was strongly inhibited before the final growth rate was observed supports the hypothesis that the new membrane structure and lipid composition were responsible for this last decrease.
The total amount of lipids and their relative concentrations were practically identical in cells grown in the presence of either methanol or ethanol (Table l) , but synthesis of each of the main phospholipids was inhibited differently at various alcohol concentrations. At 0.5 M, ethanol inhibited radioactivity incorporation in only phosphatidylglycerol and lysophosphatidylglycerol; at 0.7 M, inhibition of synthesis of these lipids reached 50 % while phosphatidylethanolamine synthesis was reduced by 17 % (Table 1) .
Since phospholipids could have been solubilized by alcohols, thus explaining the smaller amounts found in the membrane, this possibility was checked. Phospholipids were never detected in the supernatant after centrifugation of cultures to which alcohol had been added. Lipase activation by alcohols (Bernard et al., 1972) or higher osmolarity (Munro & Bell, 1973) could also explain our results. We therefore measured the rate of phospholipid turnover in bacteria incubated with ethanol to see whether it was increased.
Phosphatidylglycerol turnover in presence of alcohols In B. subtilis, phosphatidylethanolamine synthesis was stable both with and without added alcohol in the growth medium, while the renewal rate of phosphatidylglycerol was particularly fast under both conditions (Fig. 4a, b) . In cells grown with [32P]phosphate, 50 % of the label previously incorporated in phosphatidylglycerol was lost within 9 min after subsequent culture in non-radioactive medium (generation time was 35 min). If alcohol was added at the time of transfer the turnover was only slightly increased; 50 % of the label was lost in 8.5 min.
A different result was obtained for phosphatidylglycerol synthesized in bacteria grown in the presence of alcohols. After transferring the cells to non-radioactive medium with ethanol, it took 28 min for a 50 % decrease in radioactivity at a generation time of 72 min (Fig. 4d) . Removing ethanol restored the initial growth rate, without any significant change in prelabelled phosphatidylglycerol turnover (Fig. 4 c) .
Thus, phosphatidylglycerol was more stable in cells grown in the presence of alcohols rather than less stable, as might have been expected. The smaller amount of phospholipids found in these cells could best be explained by an inhibition of lipid synthesis rather than by an activation of degrading enzymes.
Ethanol and methanol again had the same effects on phosphatidylglycerol turnover.
Changes in fatty acid composition induced by ethanol or methanol Fatty acid composition has previously been shown to change during the cell cycle (Scandella & Kornberg, 1969) . Under our conditions, this was also true (Table 2) . Therefore, the effects of alcohol on the fatty acid moiety were examined using cultures at one stage of exponential growth, i.e. at an AaO0 of 0.50.
With 0.7 M-ethanol added to the growth medium for many generations, the concentrations of 12-methyltetradecanoic acid (anteiso-C,,) and 15-methylhexadecanoic acid (iso-C,,) were reduced to 30 % and 40 % of their initial values, respectively (Table 3) . This decrease was balanced by a relative increase in C16 and C,, linear fatty acids and in 16-methylheptadecanoic acid (iso-C,,). Cells were incubated in conditioned nutrient broth until the AGO0 of the culture reached the value indicated; to is the time at which growth stopped, and tl, ta and t4 indicate that incubation was continued for a further 1, 2 and 4 h, respectively. Lipids were extracted and fatty acids were transesterified as described in Methods. The amount of each fatty acid is expressed as a percentage of the total fatty acid composition. Fatty acid designations : i, iso-branched; a, anteiso-branched; n, normal (linear). 3 1.6 3.6 35.1 3.0 6.4 16.9 16.9 -6.3 6.3 1.2 1.0 1.2 Methanol ( In contrast to the effects on growth and phospholipid synthesis, 1.1 M-methanol did not affect the fatty acid composition ( Table 3 ). The response of B. subtilis SMY to methanol is thus different from its response to ethanol at the level of fatty acid incorporation into phospholipids. Ingram (1977a) , working with Escherichia coli, did not observe any difference in fatty acid composition between cells grown in the presence of either methanol or ethanol. In B. cereus, ethanol induces an increase, instead of a decrease, in branched chain fatty acids (Kates et al., 1962) . We therefore used, for comparison, asporogenous mutant strains of B. subtilis which had a phospholipid composition different from that of the wild-type (Rigomier & Lubochinsky, 1974) .
Eflects of alcohols on the growth of asporogenous mutants and on their phospholipid metabolism Alcohols had the same effect on growth of the asporogenous strains spoOA 3NA and spoOA 5NA as on the wild-type strain SMY incubated under the same conditions (results not shown), but [32P]phosphate incorporation in phosphatidylethanolamine was enhanced.
This stimulation reached 20 % in strain 3NA ( Table 4) . The phosphatidylglycerol/phosphatidylethanolamine ratio, after alcohol was added to the growth medium, was similar to that of the wild-type under sporulating conditions. Yet these mutants did not sporulate -the phospholipid changes induced by the alcohols could not overcome the genetic alteration of membrane structure.
The effects of methanol and ethanol on the fatty acid composition of the asporogenous strains were similar to those observed in the wild-type (Table 5 ). Ethanol inhibition of the esterified anteiso-C1, was slightly less pronounced and the relative amount of this fatty acid was increased in cells grown with 1.1 M-methanol. This reproducible increase (from 33 to 38 %) was in the same direction as the change observed in the unsaturated fatty acid concentration in E. coli grown with ethanol (Ingram, 1977a) . Cultures were incubated with or without alcohol at 37 "C until the AGO0 was 0.5. The amount of each fatty acid is expressed as a percentage of the total fatty acid composition. Fatty acid designations as in Table 2 .
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Alcohol r a n a n i n i n i n a/n i/n a/i None 1.5 1.4 3.8 33.8 2.9 4.7 17.6 14.6 1-3 5-2 8.9 Adaptive responses occur in order to maintain the fundamental membrane properties. But, even after adaptation, B. subtilis growth was decreased by alcohols added to the medium. With 1-0 M-ethanol, growth remained exponential but the generation time was increased from 35 to 110 min. The total cell mass (measured at 600 nm) was, nevertheless, maximal at the end of the exponential phase. At concentrations lower than 0 . 8 2~~ the effects of ethanol on growth of E. coli K12 (Fried & Novick, 1975) were similar to our observations on B. subtilis.
Another E. coli K12 strain showed a very different pattern of response to ethanol (Ingram, 1 9 7 7~) .
At 30 "C, 0.7 methanol stopped growth for about 30 min, then normal growth resumed. If alcohols simply modify the membrane viscosity by a change in fatty acid composition such behaviour might be expected. Under our conditions, we never observed normal growth of B. subtilis once alcohol had been added (in nutrient broth as well as in various mineral media) even after 16 h incubation. With E. coli, a difference in growth response could result from the use of a different medium since it is known that membrane phospholipid concentration, to which alcohol sensitivity could be related, is mediumdependent (Van Iterson & Op den Kamp, 1969; Gill, 1976) . It was assumed that only the acylated fatty acids would be changed in response to factors affecting membrane viscosity. Membrane fluidization, however, important as it is, does not account for all the observed effects of alcohols on bacterial growth.
Once alcohol was removed from the medium, normal growth resumed, with or without a short delay. After incubation with alcohol at a low concentration, the growth rate was restored before any change in lipids could be measured (results not shown). Thus, growth was not reduced as a consequence of changes in the lipid content of the membrane. It must therefore be inferred that alcohols act also on easily reversible molecular interactions within the membrane, like those involving molecules which are more or less hydrated. These changes in physical properties can rapidly be reversed (Jain & Wu, 1977) .
After incubation with ethanol or methanol at concentrations above 0.7 M and 1-1 M, respectively, a lag was observed before normal growth resumed (Fig. 2) . In these bacteria, phospholipid content was reduced to less than 50% of that found in bacteria grown in alcohol-free medium. A significant synthesis of phospholipids, particularly phosphatidylglycerol, must take place to allow the normal growth rate to be achieved (results not shown). This is in accordance with the effects of cessation and re-initiation of phospholipid synthesis on macromolecular synthesis in plsB mutants of E. coli (McIntyre et al., 1977) .
Methanol and ethanol have different lipid/water partition coefficients. Though distribution coefficients of short-chain alcohols for a two-phase system, water/tetradecane, are very small (Hui & Barton, 1973) , their partition between water and biological membranes cannot be directly compared. The mobility of the 5-nitroxide derivative of stearic acid, used as a probe in mitochondria1 membrane studies, was affected by both methanol and ethanol, but three times more methanol was required for the same effect (Lenaz et al., 1976 ).
An accumulation of alcohol radicals within the polar part of the membrane could be responsible for a significant decrease in synthesis of phosphatidylglycerol, a molecule having free hydroxylated groups. With increasing concentrations of methanol, synthesis of phosphatidylethanolamine was also inhibited. The observed change in the phosphatidylglycerol/ phosphatidylethanolamine ratio is in agreement with this hypothesis.
Ethanol, a short-chain alcohol, acts like methanol but, being slightly more soluble in the hydrophobic zone, decreases membrane viscosity. Therefore, when ethanol was added to the culture, it promoted, as a second response, an increase in linear fatty acid incorporation correlated with a decrease in branched-chain fatty acid incorporation in phospholipids. A similar effect, observed after a shift up in temperature, has been ascribed to a reaction against membrane fluidization (Sinensky, 197 1) .
Short-chain alcohols (C, to C,) added to E. coli cultures promote an increase in the unsaturated vaccenic acid content (Ingram, 1977a) . With B. subtilis, ethanol does not induce a reaction against fluidization; instead it acts as a fluidizing agent. The reason for such a difference between the two bacteria is not, as yet, understood especially since in E. coli short-chain alcohols promote only transient changes in the phospholipids ratio (Ingram, 1977 b) .
The complex structure of E. coli membranes prevents a simple and direct analysis. A general explanation should take into account the different solubilities of methanol and ethanol in the hydrophobic zones and their concentrations within different parts of the envelope. The various physiological effects of alcohols might be more easily interpreted working with B. subtilis, a bacterium with a single membrane.
Regulation of the fatty acid synthetase system in B. subtilis is still not well understood. Ethanol and methanol, at concentrations having the same effect on growth, inhibited fatty acid synthesis to the same extent as measured by [l'CJacetate incorporation (Buttke & Ingram, 1978 ) -a response similar to its temperature dependence (Sinensky, 1971) . But fatty acid and phospholipid synthesis are tightly co-regulated; alcohols could act at the level of regulation mechanisms, for example at the level of control processes exerted by nucleotides (ppGpp) (Merlie & Pizer, 1973) .
A change in affinity or activity of the enzyme required for the synthesis of branched-chain precursors or a change in acyltransferase specificity could explain the inhibitory effect of ethanol and anteiso-C1, incorporation in phospholipids. Such a change in specificity of glycerol-3-phosphate acyltransferase accounts for the physiological response of growing E. coli to an upward shift in temperature (Sinensky, 1971) .
Since short-chain alcohols such as ethanol and methanol modify the hydration state of polar head-groups, they could also change what is described as interfacial regulation (Sandermann, 1978) . Analysis of chemical perturbations induced by these alcohols may lead to a better understanding of molecular interactions in biological membranes.
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